The long (4.6-kb) A+T region of Drosophila rnelanoguster mitochondrial DNA has been cloned and sequenced. The A+T region is organized in two large arrays of tandemly repeated DNA sequence elements, with nonrepetitive intervening and flanking sequences comprising only 22% of its length. The first repeat array consists of five repeats of 338-373 bp. The second consists of four intact 464-bp repeats and a fifth partial repeat of 137 bp. Three DNA sequence elements are found to be highly conserved in D. melunogaster and in several Drosophila species with short A+T regions. These include a 300-bp DNA sequence element that overlaps the DNA replication origin and two thymidylate stretches identified on opposite DNA strands. We conclude that the length heterogeneity observed in the A+T regulatory region in mitochondrial DNAs from the genus Drosophila results from the expansion (and contraction) of the number of repeated DNA sequence elements. We also propose that the 300-bp conserved DNA sequence element, in conjunction with another primary sequence determinant, perhaps the adjacent thymidylate stretch, functions in the regulation of mitochondrial DNA replication.
Introduction
In the genus Drosophila, mitochondrial DNA (mtDNA) is present as a circular double-stranded molecule varying in size from 16-19.5 kb ( Fauron and Wolstenholme 1976) . The Drosophila genome is identical to vertebrate mtDNA genomes with regard to coding capacity and the compact packaging of genetic information. It encodes 13 polypeptides, all of which are involved in oxidative phosphorylation, and the 22 transfer RNAs (tRNAs) and two ribosomal RNAs (rRNAs) required for mitochondrial translation, with little or no intergenic spacing . A single noncoding region, called the "A+T-rich region" because it contains 90%-96% deoxyadenylate and thymidylate residues (Fauron and Wolstenholme 1976 ) , has been shown to contain the origin of DNA replication Wolstenholme 1978, 1980) . In fact, in all animal mtDNAs whose replication properties have been examined to date, replication proceeds unidirectionally and asynchronously from a replication origin situated in the noncoding region (Wolstenholme et al.transcripts have not been detected in the A+T region (Merten and Pardue 198 1; Berthier et al. 1986) , by analogy to the vertebrate noncoding region that contains promoters for both DNA strands (Clayton 199 lb) , it seems likely that promoters for transcription of Drosophila mtDNA are located in the A+T region and that precursor RNAs are initiated there.
The noncoding region contains the most highly divergent sequence in the vertebrate mtDNA genome (Moritz et al. 1987) . Several hot spots for nucleotide substitution have been identified in evolutionary studies of the human noncoding region (Ward et al. 199 1) . In mammals, the noncoding region averages about 1,000 bp in size and generally contains two to three regions of conserved sequence termed "conserved sequence blocks" that are in the region of the DNA replication origin and a conserved central core of unknown function (Walberg and Clayton 198 1; Foran et al. 1988) . It has been proposed that one or more of the conserved sequence blocks functions in the transition from RNA to DNA synthesis in mtDNA replication (Chang et al. 1985; Chang and Clayton 1987) and that transcription from one of the two mtDNA promoters provides an RNA for use in replication priming via an RNA processing event (Clayton 199 1 a) . Although the locations of the promoters for transcription of the two DNA strands are generally conserved, there is little, if any, nucleotide sequence conservation among vertebrate promoters.
mtDNA heteroplasmy is widely observed among animals and can be attributed for the most part to length heterogeneity in the noncoding region (Moritz et al. 1987) . Length variability frequently results from the presence of tandemly repeated elements. For example, in monkeys (Hayasaka et al. 199 1) and rabbits (Mignotte et al. 1990 )) tandemly repeated elements have been identified in the region known to contain the transcriptional promoters in other vertebrate species.
In Drosophila, the A+T region varies greatly in size, from l-5 kb among species, and may vary among populations in a given species or in a single fly (Fauron and Wolstenholme 1976, 1980a, 198Ob; Solignac et al. 1983 Solignac et al. , 1986 Hale and Singh 1986; Monforte et al. 1993; Pissios and Scouras 1993 ) . With one notable exception (VolzLingenhohl et al. 1992) ) size variation in the A+T region accounts for the size differences observed in mtDNAs among species. A+T-region length polymorphisms are in part due to the presence of variable copy numbers of repeated elements of 470 bp, as determined by DNA restriction analyses (Solignac et al. 1986; Monforte et al. 1993 ) . However, the lack of indicator restriction enzyme sites in the D. melanogaster A+T region precluded demonstration of repeated elements in this species. Nevertheless, on the basis of its size, and on the pairing in heteroduplex studies in the repeated region of the mtDNA molecules of two closely related species, D. simulans and D. mauritiana (Fauron and Wolstenholme 1980a) , D. melanogaster mtDNA also likely contains the repeated elements.
The short (I-kb) A+T regions of D. yakuba, D. teissieri, and D. virilis have been cloned and sequenced Wolstenholme 1985, 1987; Monnerot et al. 1990) . Comparative DNA sequence analyses reveal that the majority of the A+T region has diverged significantly, reflecting its rapid rate of nucleotide substitution relative to the conserved coding sequences in Drosophila mtDNAs (Clary and Wolstenholme 1987) . However, a 450-bp region of conserved sequence was identified in the A+T region adjacent to the gene for tRNA"" (Monnerot et al. 1990 ). More recently, an expanded DNA sequence comparison including obscura subgroup species showed that the 150 bp immediately adjacent to the tRNAile gene (excluding a stretch of thymidylate residues) exhibit a relatively high substitution rate (Monforte et al. 1993 ) . In contrast, the remaining 300 bp are highly conserved and contain the region to which the origin of DNA replication has been mapped by electron microscopic studies (Wolstenholme et al. 1983) . None of the conserved DNA sequence elements identified in the noncoding region of vertebrate mtDNAs were identified in the Drosophila A+T regions.
The largest variation in A+T-region length occurs in the melanogaster subgroup of the melanogaster species group: A+T-region size has a range of 1.1 kb in D. yakuba to -5.5 kb in D. mauritiana and D. simulans (Wolstenholme et al. 1979; Clary and Wolstenholme 1985; Solignac et al. 1986 .) Despite multifarious approaches, intact clones of the 5-kb A+T region of D. melanogaster mtDNA have not been obtained (Mason and Bishop 1980; Garesse 1988; L. S. Kaguni, unpublished data) . We have cloned the A+T region of D. melanogaster mtDNA in overlapping SspI and PacI restriction fragments and report here the first nucleotide sequence of a long A+T region from the genus Drosophila. The structural organization, function, and evolution of various DNA sequence elements are discussed.
Material and Methods

Material
Enzymes and Chemicals
Micrococcal nuclease and T4 DNA polymerase were purchased from Boehringer Mannheim. Restriction endonucleases were from Gibco BRL and New England Biolabs. Escherichia coli DNA polymerase I Klenow fragment and T4 DNA ligase were from New England Biolabs, and Sequenase version 2.0 was from United States Biochemical. Hoechst dye 33258 was purchased from Sigma. 5-Bromo-4-chloro-3-indolyl-beta-D-galactoside (X-gal) and isopropyl-beta-D-thiogalactopyranoside (IPTG) were from Research Organics. Low-melting-point agarose was obtained from FMC Bioproducts.
Nucleic Acids and Nucleotides
Forward and reverse universal M 13 /pUC DNA sequencing primers and DNA primers used in direct sequencing of the D. melanogaster mtDNA HindIII-B fragment ( 5 ' ACAAATTTTTAAGCC 3 ' -small rRNA primer; 5' TTTATCAGGCAATTC 3' -tRNA primer; and 5' ATTAAATAAAATCTATTC 3' -A+T region primer) were synthesized by the Macromolecular Structure and Synthesis Facility at Michigan State University by using an Applied Biosystems model 477 oligonucleotide synthesizer. EcoRI linkers and the vectors pNEB 193 and pUC 119 were purchased from New England Biolabs. [ a-32P] dATP and [ a-35S] dATP were from New England Nuclear.
Methods
Preparation of D. melanogaster mtDNA
Partially purified mitochondria were prepared from D. melanogaster (Oregon R) embryos as described elsewhere ( Wernette and Kaguni 1986) . Mitochondria obtained from 100 g of 0-16-h-old embryos were suspended in Buffer N (30 mM Tris-HCl, pH 8.0, 2 mM CaCl*, 10% [w/v] ) sucrose at a ratio of 0.4 ml/g starting embryo at 0°C and then pelleted by centrifugation at 17,500 X g for 10 min at 4°C. The mitochondrial pellet was resuspended in Buffer N (0.3 ml/g) at 0°C. Ten units of micrococcal nuclease/g embryo were added, and the mixture was incubated at 20°C for 1 h to degrade contaminating nuclear DNA and RNA. The reaction was terminated by the addition of ethylenediaminetetraacetate ( EDTA) to 10 mM, and the mitochondria were pelleted by centrifugation, washed by resuspension in 30 mM Tris-HCl pH 8.0, 10 mM EDTA , 0.15 M NaCl, 10% (w/v) sucrose, at a ratio of 0.5 ml/g embryo, and then pelleted by centrifugation.
The washing step was repeated three times, and the mitochondria were then resuspended in 10 mM Tris-HCl pH 8.0, 1 mM EDTA (0.2 ml/g).
Mitochondrial lysis was accomplished by the addition of sodium dodecyl sulfate to 1% (w/v) and EDTA to 10 mM. The mixture was incubated for 10 min at room temperature with gentle agitation. NaCl was added to 1 M, and the incubation was continued for 10 min on ice. Insoluble material was pelleted by centrifugation at 4,000 X g for 15 min at 4°C. The mtDNA-containing supernatant was transferred to a clean tube, extracted once with phenol, once with phenol/chloroform, precipitated by the addition of 2.2 vol absolute ethanol, and purified further by equilibrium sedimentation in density gradients containing CsCl (density = 1.6 1 g/ml) and 11.1 pg Hoechst dye 33258 / ml. The band corresponding to mtDNA was removed by side puncture, and the dye was removed by extraction with distilled water/NaCl-saturated n-butanol. The aqueous phase was diluted threefold with 10 mM TrisHCl pH 8.0, 1 mM EDTA, and the mtDNA was precipitated by addition of 2.2 vol absolute ethanol. The yield was -1 pg of homogeneous mtDNA/g embryo.
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Cloning and Sequencing of the D. melanogaster mtDNA A+ T region Drosophila melanogaster mtDNA was digested with Hind111 and Hue111 restriction enzymes, and the HindIII-B fragment containing the entire A+T region was purified by gel electrophoresis in low-melting-point
agarose. An SspI restriction digest of the HindIII-B fragment was prepared and cloned: EcoRI linkers were attached, and the linkered DNA fragments were ligated into the EcoRI site of the vector M 13 Gori 1 (Kaguni and Ray 1979) .
A PacI digest of the HindIII-B fragment was prepared and then cloned using two strategies. In the first, PacI DNA fragments were ligated directly into the PacI site of a pUC 119 phagemid vector derivative containing the polylinker region of pNEB193. In the second strategy, the PacI DNA fragments were rendered blunt-ended by the 3'-5 ' exonuclease of T4 DNA polymerase , EcoRI linkers were attached, and the linkered DNA fragments were ligated into the EcoRI site of M 13 Gori 1. The E. coli strain "Sure" ( Stratagene) was used in both transfection and transformation procedures, and pUC 119-derived recombinants were screened on plates containing X-gal and IPTG at 0.05% and 0.4 mM final concentration, respectively. Plaques or colonies harboring recombinant DNA were screened for insert size and orientation of the recombinant DNA by restriction analyses. DNA sequencing was performed on double-or single-stranded DNA by the dideoxy chaintermination method of Sanger et al. ( 1977) using Sequenase version 2.0. At sites in the A+T region where overlapping recombinants were not obtained, direct sequencing of the D. melanogaster mtDNA HindIII-B fragment was performed using the primers described in Material. Sequence analyses were performed using the GCG program package, version 7 (Genetics Computer Group 1991).
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Restriction Analyses of the D. melanogaster Hin dIII-B Fragment
Restriction site mapping by partial restriction enzyme digestion and gel electrophoresis was accomplished by first end-filling the 3' overhangs of the purified HindIII-B fragment by using E. coli DNA polymerase I Klenow fragment and [ cc3*P] dATP. The radiolabeled HindIII-B fragment was cleaved with AvaII or BsZI restriction enzyme that recognizes single sites at its opposite ends. Partial restriction-enzyme digestions were carried out using 15 ng of the appropriately digested HindIII-B fragment. PacI partial digestion reactions also contained 0.6 pg of pNEB 193 DNA as a bulk substrate, and reactions with SspI, AseI, and DraI contained 1 ug of lambda DNA. PacI ( 1 unit), SspI ( 1.25 units), AseI ( 1.25 units), and DraI ( 1.25 units) reactions were incubated at 37°C for 15 min, 75 s, 70 s, and 3 min, respectively, and were terminated by the addition of EDTA to 20 mM. Aliquots were then electrophoresed in a 1.2% agarose slab gel ( 13 X 18 X 0.7 cm) in 89 mM Tris, 89 mM boric acid, and 2 mM EDTA for 750 V-h. The gel was dried under vacuum and exposed at -80°C to Kodak X-OMAT AR film using a DuPont Cronex Quanta III intensifying screen.
Results
Cloning and Nucleotide Sequence of the A+T Region of Drosophila melanogaster mtDNA in figure 7 shows that the conserved element present in Finally, the DNA fragment containing the type II-B eleeach of the four type II repeats in D. melanogaster bears ment migrates anonomously and as a doublet in poly-86% sequence similarity with D. yakuba and D. teissieri acrylamide-gel-electrophoretic analyses of PacI digests and 80% similarity with D. virilis. In both alignments, G of the HindIII-B fragment, indicating that there are two or C to A or T substitutions are biased toward increased type B elements (data not shown). Thus, these may be A+T content in D. melanogaster: 22 of 27 substitutions assigned to the internal positions in the repeat unit.
of G or C in D. yakubal D. virilis yield A or T in D. Figure 4 shows the organization of the repeated melanogaster. The conserved DNA sequence element DNA sequence elements in the A+T region. A nucleooverlaps the DNA replication origin in the three species tide sequence alignment of the type I repeated elements in which it has been mapped by electron microscopic is presented in figure 5 . They have a range of 338-373 studies (Wolstenholme et al. 1983; fig. 8 fig. 1 . The five type I repeats are shown as boxes with wavy lines. The four type II repeats and the partial repeat at the left end of the type II repeat array are shown as boxes with leftward-leaning slashes. The arrow indicates the additional SspI recognition site found only in the type II-C repeat (see fig. 3, right panel) .
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Lewis et al. fig.  2 is indicated. Only one of the two type I-B repeats is shown, because the I-B1 and I-B2 repeats have an identical nucleotide sequence. The consensus sequence is also shown. A dot in the sequence indicates a nucleotide that is the same as that in the consensus sequence. A dash indicates a nucleotide that is absent. A letter indicates a substitution. Sequence alignments were produced using the "Pileup" program of the Genetics Computer Group software package, with a gap weight of 5.0 and a gap length weight of 0.3. The consensus sequence was generated using the program "Pretty." nucleotides in D. teixsieri, is present in the region adjacent served DNA sequence element in D. yakuba and D. teisto the gene for tRNAtie and corresponds to that identified sieri and adjacent to it in D. virilis, and has a range in size previously in several species with short A+T regions (Clary of 13-17 nucleotides. In D. melanogaster, the second thyand Wolstenholme 1987; Monnerot et al. 1990 ; Monforte midylate stretch is 2 1 nucleotides in length and is present et al. 1993). The second thymidylate stretch is present on only adjacent to the conserved element at the innermost the opposite DNA strand, overlapping the 300-bp con-position in the A+T region ( fig. 8 ). fig. 2 is indicated. Only one of the two type II-B repeats is shown, because II-B 1 and II-B2 have an identica1 nucleotide sequence. The consensus sequence is also shown. A dot in the sequence indicates a nucleotide that is the same as that in the consensus sequence. A dash indicates a nucleotide that is absent. A letter indicates a substitution. Sequence alignments and the consensus were generated as described in the legend to fig. 5 . stenholme 1976 , 1980~4 1980b Okimoto et al. 1992 ; A+T Content in Drosophila mtDNAs Crozier and Crozier 1993 gions of D. yakuba and D. teissieri (Monnerot et al. 1990 ), which contain 93%. Nucleotide sequence comparison of the conserved region shows that nucleotide substitutions between the four species are biased toward A or T in D. melanogaster. Wolstenholme and Clary ( 1985) have proposed that there is a continuous selection for A+T nucleotides at all sites in Drosophila mtDNA where it is compatible with function and that Drosophila mtDNAs may have become A+T rich during long-term evolution as a result of a functional requirement (or preference) of mtDNA and/or RNA polymerase for A+T-rich DNA. We have studied extensively the mechanism of nucleotide polymerization by D. melanogaster mtDNA polymerase and have shown that it is a remarkably versatile enzyme with regard to template-primer usage, that it exhibits no preference for dATP or TTP as substrates, and that it is highly accurate, polymerizing nucleotides with an in vitro error rate of approximately one misincorporated nucleotide per million bases replicated Wernette et al. 1988; Williams et al. 1993) . Notably, mtDNA polymerases from both vertebrate and invertebrate sources are among the most highly accurate DNA polymerases (Kunkel 1985; Kunkel and Alexander 1986; Wernette et al. 1988; Kunkel and Mosbaugh 1989) . However, the fidelity of Drosophila mtDNA polymerase (and that of both procaryotic and nuclear DNA polymerases) is affected greatly by in vitro reaction conditions and, in particular, by nucleotide pool biases ( Wernette et al. 1988; Olson and Kaguni 1992; C. L. Farr and L. S. Kaguni, unpublished data) . Because neither deoxyribonucleotide synthesis nor the regulation of deoxynucleotide pools has been well studied in mitochondria, it is not possible to estimate the effects of nucleotide pool imbalances on the fidelity of mtDNA replication in vivo. Although the molecular mechanism responsible for the high A+T content in Drosophila mtDNAs remains unknown, it will be of interest to evaluate further the possible correlation between A+T content and A+T-region length that is suggested by our current data.
Discussion
Evolution of the A+T-Region Repeat Arrays
The A+T region of D. melanogaster mtDNA contains two types of tandemly repeated elements-the type A+T Region of Drosophila melanogaster Mitochondrial DNA 533 I repeats located in the variable region and the type II repeats located in the conserved region. The presence of tandemly repeated elements in the noncoding region of mtDNA appears to be ubiquitous in the animal kingdom; it has been documented in other invertebrates, including sea scallops (Snyder et al. 1987; La Roche et al. 1990; Gjetvaj et al. 1992) , cricket (Rand and Harrison 1989) , bark weevils (Boyce et al. 1989) , honeybee (Cornuet et al. 199 1 ) , and nematodes (Okimoto et al. 199 1) and in vertebrates, including lizards (Densmore et al. 1985) , monkeys (Karawya and Martin 1987; Hayasaka et al. 199 1 ) , American shad (Bentzen et al. 1988) ) birds (Avise and Zinc 1988) , sturgeon (Buroker et al. 1990 ), Atlantic cod (Johansen et al. 1990 ), rabbit (Mignotte et al. 1990 )) evening bat (Wilkinson and Chapman 199 1 ) , seals (Arnason and Johnsson 1992; Hoelzel et al. 1993; Arnason et al. 1993 ) , and pig (Ghivizzani et al. 1993) .
The 464-bp type II repeats are present in four copies and are located in the half of the D. melanogaster A+T region adjacent to the gene for tRNAile. By DNA restriction site analysis, repeats of nearly identical size were identified in three other species in the melanogaster subgroup, D. simulans, D. sechellia, and D. mauritiana (Solignac et al. 1986 ). However, recognition sites for the enzymes used in that study (AccI and HpaI) are not present in the D. melanogaster repeats. The data presented here establish the presence of the repeats in D. melanogaster mtDNA and indicate that a single nucleotide substitution propagated throughout the repeats resulted in the loss of the AccI restriction sites found in the repeats of other melanogaster subgroup species. Two copies of a repeat containing an AccI restriction site have also been reported in D. tristis, a member of the obscura species subgroup (Monforte et al. 1993) ) providing evidence for convergent evolution of repeated elements in Drosophila mtDNA.
The type I repeats in D. melanogaster mtDNA are present in five copies and occur in the variable half of the A+T region near the gene for the small rRNA. They differ in size from 338-373 bp. The 373-bp type I-A repeat contains additional AT dinucleotide repeats that account for most of the size difference. On the basis of the length of the variable region in eight species of the melanogaster subgroup, the presence of repeated elements was predicted but not confirmed, again because of the lack of indicator restriction enzyme sites (Solignac et al. 1986 ). In fact, earlier heteroduplex mapping studies of D. melanogaster mtDNA revealed pairs of deletion loops in this region, indicative of repeated DNA sequence elements (Merten and Pardue 198 1) . It is interesting that length polymorphisms in the variable region are also found in members of the obscura group (Monforte et al. 1993) . On the basis of our findings in D. melanogaster and the documented length polymorphism of the region among Drosophila species, it seems likely that the organization, if not the sequence, of the variable half of the A+T region is conserved among species. That is, length polymorphisms are likely due to the presence of tandemly repeated elements whose sequence is not conserved among species. Indeed, heteroduplex studies of the A+T regions of D. melanogaster, D. simulans, and D. mauritiana mtDNA revealed base pairing only in the region of the type II repeats (Fauron and Wolstenholme 1980a, 1980b) . Thus, the mechanism of selection of mitochondrial genomes with variable region repeats may be dependent on DNA secondary structure rather than on primary sequence determinants.
Further, on the basis of our data and DNA restriction site analyses of the A+T region in mtDNAs from both the melanogaster ( Solignac et al. 1986 ) and obscura groups (Monforte et al. 1993)) it seems likely that expansion (or contraction) of both the conserved and variable halves of the A+T region occur in concert, as a result of duplication (or deletion) of at least two types of repeated DNA sequence elements. The structural organization of the type I-repeat array in D. melanogaster mtDNA indicates that it is the product of at least two separate events involving different duplication endpoints. The first involved the duplication of sequence in an ancestral fly leading to the type Irepeat array, ABC. A subsequent event, duplicating approximately one-third of repeat A and complete copies of B and C, resulted in the repeat structure ABC/ABC observed in D. melanogaster. The latter duplication event and subsequent deletion events probably occur at a relatively high frequency, in light of the 100% identity of the two type I-B repeats and the >99% identity of the repeated portions of the type I-A and I-C repeats.
Although the molecular mechanisms involved in the generation of repeated DNA sequence elements remain undetermined, both replication slippage (Streis-A+T Region of Drosophila mefanogaster Mitochondrial DNA 535 inger et al. 1966 ) and homologous recombination could yield the observed duplications. Homologous recombination has been demonstrated in fungal mtDNA (ClarkWalker 1989; Almasan and Mishra 199 1) but has not been documented in animal mtDNA. Alternatively, replication slippage would be promoted if the displaced portion of a nascent DNA strand could form a secondary structure, which would further stabilize the misaligned strand on the template DNA. In this regard, DNA capable of forming a cruciform structure has been identified in repeats in scallop mtDNA (La Roche et al. 1990) , and a short inverted DNA sequence was identified in the cricket mtDNA repeat (Rand and Harrison 1989) . Computer analysis reveals that extensive intrastrand base pairing is also possible within the repeats of D. melanogaster mtDNA (D. L. Lewis and L. S. Kaguni, unpublished data). In either mechanism, recurring duplications and deletions would result in the homogenization of the repeated DNA sequences. Indeed, the high nucleotide-sequence similarity of the repeated DNA sequence elements in D. melanogaster provides evidence that such a process occurs in Drosophila mtDNA.
Conserved DNA Sequence Elements in the A+T Region
The type II repeats in D. melanogaster mtDNA contain a 300-bp region that is highly conserved in several Drosophila species with short A+T regions (Clary and Wolstenholme 1987; Monnerot et al. 1990; Monforte et al. 1993) . Although the function of the conserved region in mtDNA metabolism has not been established, it appears to be involved in site-specific protein-DNA interactions. The 300-bp conserved DNA sequence elements identified here in the D. melanogaster A+T region correspond in number, size, and location to DNA sequence elements that were protected from trimethylpsoralen crosslinking in situ and mapped by electron microscopy ( Potter et al. 1980) . Likewise, protection from crosslinking was also observed in the single 300-bp conserved region in D. virilis mtDNA (Pardue et al. 1984) . Further, the DNA replication origin in D. melanogaster, D. yakuba, and D. virilis mtDNA overlaps the conserved DNA sequence element ( Wolstenholme et al. 1983; fig. 8) . It is notable that only the innermost repeat of the conserved element in the D. mezanogaster A+T region maps to the origin region, suggesting that an additional DNA sequence determinant is required for DNA replication origin function. In this regard, we would propose that the conserved thymidylate stretch adjacent to the conserved DNA sequence element is involved in Drosophila mtDNA replication. It is interesting that thymidylate stretches have been demonstrated in nuclear and viral systems to function both as core elements in DNA replication origins and as transcriptional activators (Campbell 1986; Delucia et al. 1986) .
Although the relationship between transcription and replication remains to be elucidated in Drosophila mtDNA, the positions and orientations of the two conserved thymidylate stretches suggest roles in promoting both transcription and replication. Unidirectional promoters for transcription of each DNA strand have been identified in mammalian mtDNA (Chang and Clayton 1986; Topper and Clayton 1989) , and a role has been proposed for the light-strand promoter in the production of an RNA that is processed to yield a primer for the initiation of mtDNA replication (Clayton 199 la) . Indeed, if the thymidylate stretch located near the origin of DNA replication is necessary for origin function, as proposed above, its apparent downstream position relative to leading DNA strand synthesis would rule out an involvement in RNA primer synthesis. Alternatively, it could function by another mechanism, such as transcriptional activation, implicated in a variety of nonmitochondrial systems. The lack of DNA sequence conservation in the regulatory regions of Drosophila and vertebrate mtDNAs may in fact reflect a difference in the mechanisms of DNA replication and/or transcriptional initiation and its regulation.
